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TITLE OF THE INVENTION 
ILLUMINATION APPARATUS AND IMAGE PROJECTION APPARATUS 
USING THE ILLUMINATION APPARATUS 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application is based upon and claims the 
benefit of priority from the prior Japanese Patent 
Application No. 2002-266861, filed September 12, 2002, 
the entire contents of which are incorporated herein by 
reference . 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a portable 
illumination apparatus which has the high brightness 
and realizes uniform illumination, and an image 
projection apparatus using the illumination apparatus. 

2. Description of the Related Art 

As a light source in an illumination apparatus for 
use in an image projection apparatus such as a video 
projector, a discharge type bulb lamp light source is 
generally used in combination with a parabolic 
reflector or an ellipsoid reflector. However, in the 
bulb lamp light source, since a lamp bulb itself or an 
electrode forms a shadow, an unevenness of radiation 
distribution is generated and there occurs a so-called 
"reduced dark spot". Further, it has radiation angle 
characteristics of a relatively narrow (non-flat) 
distribution. Therefore, in such a discharge type 
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lamp, when Koehler illumination is carried out, the 
"reduced dark spot" is generated at the center, or 
shading at the circumference becomes prominent, which 
leads to lack of illuminant uniformity. Thus, an 
5 integrator such as a fly-eye lens must be usually 

employed, which results in a large-scale illumination 
apparatus . 

On the contrary, a light emitting diode (which 
will be referred to as an LED hereinafter) has 

10 advantages such as a long duration of life, a single 

color luminescence, a high color reproducibility, as 
compared with the conventional bulb lamp light source. 
Furthermore, in recent years, its luminous efficiency 
is getting close to that of the bulb lamp, and it is 

15 expected that the LED will exceed the bulb lamp in this 

regard. Thus, various kinds of image projection 
apparatuses such as a video projector using such a LED 
as a light source have been proposed. 

Since this LED is a so-called diffusion 

20 (Lambertian) light source, when the LED is used as 

a light source in an illumination apparatus, how to 
efficiently condense the light and lead it to 
an illumination area is difficult, which must be 
contrived. Moreover, an LED chip is constituted by 

25 bonding an electrode to an electrode structure and 

an element. 

Since the LED has such a chip structure and 
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radiation angle characteristics, it can be said that it 
is a light source suitable for Koehler illumination. 
That is, critical illumination which sets the chip and 
an illumination object in a conjugate relationship is 
5 not suitable for an illumination apparatus since an 

image of the chip structure leads to lack of illuminant 
uniformity. On the contrary, in a Koehler illumination 
optical system that an angle intensity distribution of 
the light source becomes a position intensity 

10 distribution in an illumination area, since there is 

obtained an intensity distribution which is relatively 
flat with respect to an angle, a smooth intensity 
distribution can be readily acquired in an illumination 
area. A problem is a condensing efficiency of diffused 

15 light rays with a wide angle. 

As an illumination apparatus which has such an LED 
as a light source and is used in an image projection 
apparatus, for example, Jpn. Pat. Appln. KOKAI 
Publication No. 11-32278 proposes an illumination 

2 0 apparatus which converts an outgoing light ray from an 

array of LEDs into a substantially parallel light ray 
by a condensing optical system corresponding to each 
LED, and converts it to a light flux diameter according 
to a size of a light modulation element by an afocal 

25 optical system constituted by a combination of a convex 

lens and a concave lens. 

Additionally, USP 6,227,669 Bl proposes as 
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an illumination apparatus of an image projection 
apparatus utilizing a plurality of luminous bodies as 
a light source, a Koehler illumination system which 
takes out output light rays from a plurality of LEDs by 
5 a radiation distribution lens array as a condensing 

optical system corresponding to each LED and 
superimposes the light rays from a plurality of the 
LEDs on a light modulation element such as an LCD by 
a superimposition lens. 

10 Further, USP 6,318,863 proposes as an illumination 

apparatus used in an image projection apparatus 
utilizing LEDs as a light source, a critical 
illumination apparatus which converts light rays with 
a large angle emitted from a plurality of LEDs into 

15 light rays with a small angle by a taper rod 

corresponding to each LED, and then superimposes them 
on a light modulation element by a pair of lens arrays 
corresponding to each taper rod and a superimposition 
lens. Alternatively, this publication also proposes 

2 0 an illumination apparatus which converts light rays 

with a large angle emitted from a plurality of LEDs 
into light rays with a small angle by a taper rod 
corresponding to each LED and then evenly superimposes 
them on a light modulation element by a single taper 

25 rod. 

Furthermore, as a fundamental principle in 
an optical system, a light preservation rule that 
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a product of an area and a solid angle of a light flux 
is fixed before and after an optical system is well 
known. Generally, this product of the area and the 
solid angle is referred to as Etendue, and this rule is 
5 called an Etendue constant rule or a Lagrange constant 

rule that a product of an object (image) height and 
a light beam angle (NA) is constant on one plane. That 
is, in two-dimensional FIG. 1A, assuming that Si is 
an area before an optical system 9, Cl^ is a solid angle 

10 of its light flux, S2 is an area after the optical 

system 9, and Q2 is a solid angle of its light flux, 
the following expression can be obtained: 

Si X a x = S 2 X Q 2 ... (1) 

Furthermore, in one-dimensional FIG. IB, assuming that 

15 Y]_ is an object (image) height before the optical 

system 9, NAi is its light beam angle (NA) , Y 2 is an 
object (image) height after the optical system 9, and 
NA 2 is its light beam angle (NA) , the following 
expression can be achieved: 

20 Y 1 X NA! = Y 2 X NA 2 ... (2) 

BRIEF SUMMARY OF THE INVENTION 
According to a first aspect of the present 
invention, there is provided an illumination apparatus 
comprising : 

25 a small-plane light source having diffusion 

radiation characteristics; 

a columnar light leading member, having 



an incident end surface, an outgoing radiation end 
surface and a reflection surface, configured to reflect 
on the reflection surface at least a part of a light 
ray from the small-plane light source collected from 
the incident end surface, thereby leading the light to 
the outgoing radiation end surface; and 

an angle position converting member configured to 
convert an outgoing light angle intensity of the 
outgoing light from the outgoing radiation end surface 
of the columnar light leading member into a position 
intensity in a predetermined irradiation area. 

According to a second aspect of the present 
invention, there is provided an image projection 
apparatus comprising : 

an illumination apparatus comprising: 

a small-plane light source having diffusion 
radiation characteristics; 

a columnar light leading member, having an 
incident end surface, an outgoing radiation end surface 
and a reflection surface, configured to reflect on the 
reflection surface at least a part of a light ray from 
the small-plane light source collected from the 
incident end surface, thereby leading the light to the 
outgoing radiation end surface; and 

an angle position converting member 
configured to convert an outgoing light angle intensity 
of the outgoing light from the outgoing radiation end 



surface of the columnar light leading member into 
a position intensity in a predetermined irradiation 
area; 

a light modulation element, having a pixel 
structure, configured to modulate a light ray for each 
pixel in accordance with an image signal; and 

a projection lens configured to enlarge and 
project the light modulation element, wherein 

the light modulation element is arranged in the 
illumination area in the illumination apparatus. 

According to a third aspect of the present 
invention, there is provided an illumination apparatus 
comprising : 

a small-plane light source having diffusion 
radiation characteristics; 

columnar light leading means, having an incident 
end surface, an outgoing radiation end surface and 
a reflection surface, for reflecting on the reflection 
surface at least a part of a light ray from the small- 
plane light source collected from the incident end 
surface, thereby leading the light to the outgoing 
radiation end surface; and 

angle position converting means for converting 
an outgoing light angle intensity of the outgoing light 
from the outgoing radiation end surface of the columnar 
light leading means into a position intensity in 
a predetermined irradiation area. 
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According to a fourth aspect of the present 
invention, there is provided an image projection 
apparatus comprising : 

an illumination apparatus comprising: 
5 a small-plane light source having diffusion 

radiation characteristics; 

columnar light leading means, having 
an incident end surface, an outgoing radiation end 
surface and a reflection surface, for reflecting on the 
10 reflection surface at least a part of a light ray from 

the small-plane light source collected from the 
incident end surface, thereby leading the light to the 
outgoing radiation end surface; and 

angle position converting means for 
15 converting an outgoing light angle intensity of the 

outgoing light from the outgoing radiation end surface 
of the columnar light leading means into a position 
intensity in a predetermined irradiation area; 

a light modulation element, having a pixel 
20 structure, for modulating a light ray for each pixel in 

accordance with an image signal; and 

a projection lens for enlarging and projecting the 
light modulation element, wherein 

the light modulation element is arranged in the 
25 illumination area in the illumination apparatus. 

Advantages of the invention will be set forth in 
the description which follows, and in part will be 
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obvious from the description, or may be learned by 
practice of the invention. Advantages of the invention 
may be realized and obtained by means of the 
instrumentalities and combinations particularly pointed 
5 out hereinafter. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 
The accompanying drawings, which are incorporated 
in and constitute a part of the specification, 
illustrate embodiments of the invention, and together 
10 with the general description given above and the 

detailed description of the embodiments given below, 
serve to explain the principles of the invention. 

FIG. 1A is a view illustrating a light 
preservation rule; 
15 FIG. IB is a view illustrating the light 

preservation rule; 

FIG. 2 is a view showing a structure of an 
illumination apparatus according to a first embodiment 
of the present invention; 
20 FIG. 3 is a view showing a structure of an 

illumination apparatus according to a second embodiment 
of the present invention; 

FIG. 4 is a view illustrating a light preservation 
rule in the illumination apparatus according to the 
25 second embodiment; 

FIG. 5 is a view showing a structure of an 
illumination apparatus according to a third embodiment 



of the present invention; 

FIG. 6 is a view showing a structure of an 
illumination apparatus according to a fourth embodiment 
of the present invention; 

FIG. 7 is a view showing radiation distribution 
angle characteristics of a light flux emitted from an 
outgoing radiation end surface of each taper rod in the 
illumination apparatus according to the fourth 
embodiment; 

FIG. 8 is a view showing angle distribution 
characteristics; 

FIG. 9A is a horizontal cross-sectional view 
showing a structure of an illumination apparatus 
according to a fifth embodiment of the present 
invention; 

FIG. 9B is a vertical cross-sectional view showing 
the structure of the illumination apparatus according 
to the fifth embodiment; 

FIG. 10 is a view illustrating an optical pupil to 
be formed; 

FIG. 11 is a view showing examples of an angular 
taper rod; 

FIG. 12 is a view showing a dimension table of 
each angular taper rod illustrated in FIG. 11; 

FIG. 13A is a view showing radiation distribution 
characteristics of an outgoing light ray from an 
outgoing radiation end surface of an angular taper rod 



11 



13A depicted in FIG. 11 when radiation angle 
characteristics of an LED chip are determined as 
Lambertian (complete diffusion) ; 

FIG. 13B is a view showing radiation distribution 
5 characteristics of an outgoing light ray from an 

outgoing radiation end surface of an angular taper rod 
13B likewise depicted in FIG. 11; 

FIG. 13C is a view showing radiation distribution 
characteristics of an outgoing light ray from an 
10 outgoing radiation end surface of an angular taper rod 

13C likewise depicted in FIG. 11; 

FIG. 13D is a view showing radiation distribution 
characteristics of an outgoing light ray from an 
outgoing radiation end surface of an angular taper rod 
15 13D likewise depicted in FIG. 11; 

FIG. 14 is a view showing a structure of an 
illumination apparatus according to a sixth embodiment 
of the present invention; 

FIG. ISA is a perspective view of an illumination 
20 apparatus illustrating irregularities in an angle in 

case of an angular taper rod; 

FIG. 15B is a view showing an angle intensity 
distribution graph in the illumination apparatus 
depicted in FIG. 15A; 
25 FIG. 16A is a view showing a structure of 

an illumination apparatus according to a seventh 
embodiment of the present invention; 



FIG. 16B is a view showing an angle intensity 
distribution graph in the illumination apparatus 
according to the seventh embodiment; 

FIG. 17 is a view illustrating a diffusion angle 
of a diffuser; 

FIG. 18 is a view illustrating shape conversion 
from a circular light flux to an elliptic light flux by 
a one-dimensional diffuser; 

FIG. 19 is a view illustrating shape conversion 
from a circular light flux to a rectangular light flux 
by a light flux shape conversion diffuser; 

FIG. 20 is a perspective view showing a structure 
of an illumination apparatus using the light flux shape 
conversion diffuser depicted in FIG. 19; 

FIG. 21 is a view illustrating an illumination 
area when the light flux shape conversion diffuser is 
not used; 

FIG. 22 is a view illustrating an illumination 
area when the light flux shape conversion diffuser is 
used; 

FIG. 23 is a view illustrating rectangular shape 
separation of the light flux by the light flux shape 
conversion diffuser; 

FIG. 24 is a view showing a structure of an image 
projection apparatus using an illumination apparatus 
according to an eighth embodiment of the present 
invention; 
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FIG. 25 is a view showing a structure of an 
illumination apparatus according to a ninth embodiment 
of the present invention; 

FIG. 26 is a view showing a structure of a 
5 modification of the illumination apparatus according to 

the ninth embodiment; 

FIG. 27 is a view showing a structure of an image 
projection apparatus using another modification of the 
illumination apparatus according to the ninth 
10 embodiment; 

FIG. 28A is a view illustrating an LED which emits 
the light at a first point in time of relative movement 
of a taper rod and the LED in an illumination apparatus 
according to a 10th embodiment of the present 
15 invention; 

FIG. 28B is a view illustrating an LED which emits 
the light at a second point in time; 

FIG. 28C is a view illustrating an LED which emits 
the light at a third point in time; 
20 FIG. 28D is a view illustrating an LED which emits 

the light at a fourth point in time; 

FIG. 29A is a view showing a structure of an 
illumination apparatus according to an 11th embodiment 
of the present invention; 
25 FIG. 29B is a view illustrating a light flux shape 

to be emitted; 

FIG. 30 is a view showing the structure of the 



14 



illumination apparatus according to the 11th embodiment 
in further detail; and 

FIG. 31 is a view showing a structure of a 
modification of the illumination apparatus according to 
5 the 11th embodiment. 

DETAILED DESCRIPTION OF THE INVENTION 
Embodiments according to the present invention 
will now be described hereinafter with reference to the 
accompanying drawings . 

10 [First Embodiment] 

As shown in FIG. 2, an illumination apparatus 
according to a first embodiment of the present 
invention is constituted by an LED 1 as a small-plane 
light source, a light leading rod 10 as a columnar 

15 light leading member, an illumination lens 11 as a 

angle position conversion member or a pupil formation 
member, and a light modulation element 12. Here, when 
the light leading rod 10 is arranged in such a manner 
that an outgoing radiation end surface of the light 

20 leading rod 10 is placed at a front focal position of 

the illumination lens 11, an optical pupil is formed in 
the vicinity of a focal position of the illumination 
lens 11. Therefore, when the light modulation element 
12 is arranged at that pupil position, there can be 

25 obtained Koehler illumination which is telecentric on 

an image side with the outgoing radiation end surface 
of the light leading rod 10 being used as a virtual 
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light source. It is to be noted that the light leading 
rod 10 is formed of a material of a glass or a resin 
which is transparent to a wavelength band of an 
illumination light flux, and constituted by an optical 
5 plane which is entirely mirror-finished so as to lead 

the light by total reflection on a side surface in 
terms of the efficiency- 
Further, assuming that the light modulation 
element 12 is a one-inch transmission type LCD, an 

10 allowable NA is 0.2, and an NA from the outgoing 

radiation end surface of the light leading rod is Sin 
25°, a light leading rod cross-sectional size O is O = 
2 X 25.4 X 0.2 / (2 X sin (25°)) = 12 mm based on a 
relationship shown in FIG. IB. Since the light beam NA 

15 does not vary depending on an input side and an output 

side of the light leading rod 10, when a chip of the 
LED 1 is distanced from an incident plane of the light 
leading rod 10 by 13 mm, only the light beam of not 
more than 25° can be taken out, and lack of illuminant 

20 uniformity can be suppressed to approximately +10%. 

Furthermore, when a focal distance f of the 
illumination lens 11 is set to approximately 27 mm, 
a pupil with a diameter of 1 inch can be formed at 
a position which is away from a principal plane of the 

25 illumination lens 11 by approximately 27 mm, thereby 

realizing illumination with the good area efficiency, 
where the area efficiency is the ratio of effective 



area (for example, LCD area) to illumination area 
(actual illuminated area) . Incidentally, it is further 
preferable if a condensing element has a high light 
collection efficiency of the light from the LED light 
source while collecting the low efficiency of 
approximately 18% into consideration because the 
illumination lens 11 becomes a short focus lens having 
an F number being approximately 1 and the light 
collection efficiency of the light leading rod 10 is 
an incident NA of 25°, where the light collection 
efficiency is the ratio of incidence light beams into 
inlet of rod to radiated light beams from light source. 

As described above, since the illumination 
apparatus according to the first embodiment comprises 
the light leading rod 10 which condenses a radiant 
light ray from the small-plane light source such as an 
LED 1 and the illumination lens 11 which forms a pupil 
with a predetermined size from the outgoing light from 
the light leading rod 10, an illumination system with a 
short optical length can be realized with a relatively 
simple structure. Moreover, since radiation angle 
characteristics of the LED 1 relatively gently curve 
and the radiation angle characteristics are converted 
into unevenness of spatial distribution on a pupil when 
the pupil is formed by the illumination lens 11, when 
the pupil is determined as an irradiated area, 
an illumination apparatus which can perform even 
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end surface of the taper rod 13. Therefore, the 
incident NA of the light emitted from the LED can be 
increased, thereby improving the efficiency. It is to 
be noted that a length of the light leading rod 10 is 
not mentioned in the first embodiment, but an angle 
intensity distribution of the light outgoing from the 
outgoing radiation end becomes further uniform as the 
length is longer when the light leading rod has the 
tapered shape as described above. 

Moreover, when a focal distance of the 
illumination lens 11 is f, an optical pupil is formed 
at a focal position away from the principal plane of 
the illumination lens 11 to a rear stage side by f. 
When the outgoing radiation end surface of the taper 
rod 13 is arranged at a position away from the 
principal plane of the illumination lens 11 to a front 
stage side by f, the light modulation element 12 can be 
illuminated in the telecentric manner. When a gap 
between the outgoing radiation end surface of the taper 
rod 13 and the principal plane of the illumination lens 
11 is set shorter than the focal distance f, it is 
possible to illuminate the light modulation element 12 
at a light beam oblique angle which forms a divergence 
direction as getting closer to the circumference of the 
light modulation element 12 like this embodiment. 
For example, in an image projection apparatus using 
such an illumination apparatus, when enlarging and 
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radiation angle characteristics of the LED 1 relatively 
gently curve, and using the taper rod 13 can obtain 
further flat radiation angle characteristics. Since 
forming a pupil by the illumination lens 11 can convert 
5 the radiation angle characteristics into unevenness of 

spatial distribution on the pupil, if the pupil is 
determined as an irradiated area, it is possible to 
realize the illumination apparatus which can perform 
even illumination with less illumination 

10 irregularities . 

It is to be noted that a relationship of Etendue 
when the above-described taper rod 13 is used is as 
shown in FIG. 4. Here, of the diffused light emitted 
from the LED 1, there can be achieved a preservation 

15 rule between the light which was collected by the taper 

rod 13, reached the outgoing radiation end surface of 
the taper rod 13 and has an outgoing radiation end area 
Si and a solid angle Q>i and the light which was 
transmitted through a lens system 11 1 (illumination 

20 lens 11) and has an area S2 and a solid angle Q-2' and 

a ratio of a light quantity emitted from the LED 1 and 
a light quantity emitted from the taper rod outgoing 
radiation end surface is an efficiency of light 
collection and light leading in the taper rod 13. 

25 Additionally, although the taper rod 13 and the 

light leading rod 10 are manufactured from a material 
of a transparent glass or resin in a wavelength band of 
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surface of the rod type, it is heavier than the pipe 
type, and its manufacturing cost is high. In this 
embodiment as well as other embodiments, it is good 
enough to select an appropriate type in accordance with 
5 its use condition taking a high value on the efficiency 

or the size into consideration, 
[Third Embodiment] 

A third embodiment will now be described. As 
shown in FIG. 5, an illumination apparatus according to 

10 the third embodiment is constituted by a plurality of 

pairs of the LED 1 and the taper rod 13 which are the 
same as those in the second embodiment. In this case, 
the illumination lens 11 is constituted so as to be 
telecentric on the image side in such a manner that 

15 each taper rod outgoing radiation end surface is placed 

at a position away from the principal plane of the 
illumination lens 11 by a distance corresponding to the 
focal distance f, and the taper rod 13 is arranged in 
parallel, thereby superimposing the light rays from the 

20 respective LEDs 1. 

According to the illumination apparatus having 
such a structure, since a plurality of the LEDs 1 are 
provided, the brightness can be increased, individual 
differences in radiation angle characteristics of the 

25 LEDs 1 can be averaged, and even illumination can be 

achieved. 



[Fourth Embodiment] 

A fourth embodiment according to the present 
invention will now be described. As shown in FIG. 6, 
an illumination apparatus according to the fourth 
embodiment is constituted by shifting the pairs of the 
LED 1 and the taper rod 13 in a direction of the 
optical axis of the illumination lens 11 in the 
structure of the third embodiment. That is, the 
illumination lens 11 is constituted in such a manner 
that light beams with an outermost angle from the taper 
rods 13cl and 13c2 form the outermost axes of the light 
modulation element 12, the taper rods 13b 1 and 13b2 are 
slightly shifted in a direction away from the 
illumination lens 11, and the taper rod 13a is arranged 
at a further distanced position. 

The advantage of the illumination apparatus 
having such a structure will now be described. FIG. 7 
is a view showing radiation distribution angle 
characteristics of a light flux emitted from the 
outgoing radiation end surface of each taper rod 13. 
As shown in the drawing, the light fluxes each having 
an angle within approximately ±27° are led to the light 
modulation element 12 in the taper rods 13cl and 13c2, 
but the light modulation element 12 is illuminated by 
the light fluxes each having an angle within 
approximately ±24° in the taper rods 13bl and 13b2 and 
the light flux having an angle within approximately 
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the outgoing radiation end surface has a rectangular 
shape which is long in the vertical direction, i.e., 
when an aperture in the vertical direction is larger 
than an aperture in the horizontal direction. 
Therefore, the shape of the pupil 15 is an ellipse 
having a major axis in the horizontal direction. 

By adopting such a structure, when the light 
modulation element 12 having an aspect which is long in 
the lateral direction is illuminated, causing the NA to 
be fall within the allowable NA can increase an area 
efficiency of an irradiated area, thereby improving the 
optical efficiency. 

Here, in order to clarify a relationship between a 
shape and angle distribution characteristics of the rod 
or the mirror pipe each having such an aperture ratio 
(which will be referred to as an AR hereinafter) as 
shown in FIGS. 9A and 9B, or the rod or the mirror pipe 
each having an incident end surface shape with an 
aspect, angle distributions of such angular taper rods 
(or mirror pipes each having a taper) 13A to 13D as 
shown in FIG. 11 will now be examined. In regard to 
coordinate axes, a direction of a major axis is 
determined as Z, a horizontal direction of a cross 
section is determined as a direction X and a vertical 
direction of the same is determined as a direction Y as 
shown in FIG. 11. 

The dimension in this case is as shown in 
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a table of FIG. 12. That is, with respect to a chip 
size 1 X 1 of the LED 1, a gap between the LED chip 
and the incident end surface and a length are 
coordinated as 0.5 and 35, respectively. Although the 
5 taper rod 13A and the taper rod 13B have the same AR, 

the taper rod 13B has the sizes of the incident end 
surface and the outgoing radiation end surface which 
are twofold of those of the taper rod 13A. Each of the 
taper rod 13A and the taper rod 13C has the AR in one 

10 direction which is twofold of the AR in the other 

direction. Although the taper rod 13A and the taper 
rod 13D have the same AR, a diameter in one direction 
is twofold of a diameter in the other direction. The 
taper rod 13C and the taper rod 13D have the ARs which 

15 vary depending on a direction. 

Further, FIGS. 13A to 13D show radiation 
distribution characteristics of outgoing light beams 
from outgoing radiation end surfaces of the respective 
rods when the radiation angle characteristics of the 

20 LED chip are determined as Lambertian (complete 

diffusion) . The taper rod 13A and the taper rod 13B 
are compared with each other in incident end surface 
size. Since the AR does not vary depending on the 
direction, as apparent from comparison between 

25 FIGS. 13A and 13B, there is no difference in 

characteristics between the X (horizontal) direction 
and the Y (vertical) direction, but the taper rod 13B 
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AR, the taper rod 13C has 2.8 in the X direction and 
5,6 in the Y direction, and the taper rod 13D has 2.8 
in the X direction and 2.8 in the Y direction. 
As apparent from comparison between FIGS. 13C and 13D, 
the outgoing radiation NA in the X direction of the 
taper rod 13C is equal to that in the X direction of 
the taper rod 13D, but the taper rod 13C which has the 
larger AR has the smaller outgoing radiation NA in the 
Y direction. The outgoing radiation NA in the Y 
direction of the taper rod 13D which has the same AR 
value in the X direction is larger because the taper 
rod 13D has the larger incident end surface size. 

To sum up, the outgoing radiation NA becomes 
smaller as the AR is larger, and it becomes smaller as 
the incident end surface size is smaller. Moreover, 
irregularities in angle of the outgoing radiation angle 
become smooth as the length is increased. The angle 
characteristics shown in FIGS. 13A to 13D are not 
illustrated in the smooth graphs, and hence angle 
irregularities remain. The angle irregularities can be 
reduced when the taper rod length is increased. 

By using the taper rod (or the mirror pipe having 
a taper) in this manner, the light flux with the 
incident NA which is not less than approximately 0.8 
due to the gap and the incident end surface can be 
converted into the light flux with the NA of 
approximately 0.3. Even if this is tried to be 
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achieved by using the lens, the lens itself with the 
incident NA is difficult, and it is hard to provide 
a transition performance on the entire chip surface 
although an axile performance can be assured. 
5 A conversion degree of the NA of this taper rod (or the 

mirror pipe having a taper) depends on the above- 
described AR but does not depend on a so-called taper 
angle in a length with which a certain measure of the 
number of times of reflection can be assured. That is, 

10 in the graphs of FIGS. 13A to 13D, even if the length 

of each taper rod (or the mirror pipe having a taper) 
shown in FIG. 11 is changed, only the smoothness of the 
graphs varies, and the maximum angle or the inclination 
of each graph does not greatly vary. 

15 [Sixth Embodiment] 

A sixth embodiment according to the present 
invention will now be described. An illumination 
apparatus according to this embodiment is obtained by 
modifying the fourth embodiment by utilizing a fact 

20 that the NA of the outgoing light of the taper rod 13 

becomes smaller when the AR as a ratio of the incident 
end surface size and the outgoing radiation end surface 
size is large, as described in connection with the 
fifth embodiment. 

25 That is, as shown in FIG. 14, in the illumination 

apparatus according to the sixth embodiment, a taper 
rod 13p having the large AR and the small NA is 
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arranged in the vicinity of the center close to the 
optical axis, and taper rods 13rl and 13r2 each of 
which has the small AR and the large outgoing radiation 
NA are arranged in the vicinity of the circumference 
5 away from the optical axis. 

By adopting such a structure, a wasteful area can 
be eliminated in the irradiation area relative to an 
irradiation object, and illumination irregularities can 
be averaged while assuring the efficiency. 

10 [Seventh Embodiment] 

A seventh embodiment will now be described. Angle 
irregularities exist in the light emitted from the 
taper rod as shown in FIGS. 13A to 13D when a length of 
the taper rod is small. That is, as shown in FIGS. 15A 

15 and 15B, in case of the angular taper rod 13, the 

lattice angle irregularities are generated in the light 
to be emitted. When the light flux emitted from the 
taper rod 13 is subjected to Koehler illumination by 
forming a pupil, the angle irregularities directly 

20 become irregularities in illumination intensity on the 

irradiation object. Thus, in the illumination 
apparatus according to the seventh embodiment, as shown 
in FIG. 16A, a diffuser 16 as a light diffusion element 
is arranged on a rear stage of the outgoing radiation 

25 end surface of the taper rod 13. As a result, as shown 

in FIG. 16B, the angle irregularities can be reduced. 
Incidentally, at this time, if a diffuser with a very 



large diffusion angle is used as the diffuser 16, the 
light has a large angle is obtained even though the 
light has been converted into the light with the small 
NA by the taper rod 13. Therefore, the diffuser 16 
with a relatively small diffusion angle is used in 
terms of a level of illumination irregularities. 

A diffusion angle of this diffuser 16 will now be 
described with reference to FIG. 17. A largeness of 
the diffusion angle relates to a reduction in angle 
irregularities (reduction in illumination 
irregularities in regard to an illumination position) 
and the efficiency, the angle irregularities are 
reduced as the diffusion angle is larger, but the 
efficiency is deteriorated. In regard to a maximum 
diffusion angle 0, assuming that a focal distance of 
the illumination lens 11 is f, a degree that the angle 
becomes substantially equal to an illumination area L 
at an illumination position is its upper limit, when 
the light flux vertically outgoing from the outgoing 
radiation end surface of the taper rod 13 has a spread 
of the diffusion angle 0. The effect of averaging the 
outgoing radiation angle becomes maximum with this 
degree of the diffusion angle. However, when the 
maximum outgoing radiation angle of the original taper 
rod 13 corresponds to substantially 0 without using the 
diffuser 16, a size of the pupil becomes large with 
respect to the illumination area by interposition of 
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the diffuser 16, and the efficiency is considerably 
deteriorated, and hence a smaller value than this 
maximum diffusion angle is actually preferred as the 
diffusion angle. 

Additionally, although the angle irregularities 
can be reduced by arranging the diffuser 16 on the rear 
stage of the taper rod 13, the efficiency can be 
improved by contriving the characteristics of the 
diffuser 16 when Koehler illumination is performed. 
For example, as shown in FIG. 18, by using a diffuser 
(one-dimensional diffuser 16A) having a diffusion angle 
only in the one-dimensional direction by which 
an elliptic light flux can be obtained upon receiving 
a circular light flux, the area efficiency of the 
illumination area can be improved when a rectangular 
irradiation object is subjected to Koehler 
illumination. As this one-dimensional diffuser 16A, 
there is known, e.g., a beam shaping diffuser which is 
on the market under the brand name of LSD5x0.2. 

Further, as shown in FIG. 19, the area efficiency 
is further improved by using a diffuser (light flux 
shape conversion diffuser 16B) having a light flux 
shape conversion function which converts a circular 
light flux into a rectangular light flux. In this 
case, when the diffusion angle is not small as 
described above, shading of an angle distribution 
becomes large, or the efficiency is deteriorated. 



However, when the diffusion angle is small with respect 
to the NA on the outgoing radiation side of the 
outgoing light of the taper rod, the light flux shape 
conversion is not sufficiently carried out, and hence 
it is important to increase the NA conversion effect of 
the taper rod and select a diffuser with an optimum 
diffusion angle in accordance with the balance of the 
shading and the efficiency. Here, a certain degree of 
a light path length is required in order to obtain an 
angular light flux. Therefore, it is preferable to 
arrange the light flux shape conversion diffuser 16B in 
the vicinity of the outgoing radiation end surface of 
the taper rod 13. For example, there is used an 
illumination apparatus having such a structure as shown 
in FIG. 20. By adopting the illumination apparatus 
having such a structure, such an illumination area 17 
as shown in FIG. 21 obtained when the light flux shape 
conversion diffuser 16B is not used is changed into 
such an illumination area 17 as shown in FIG. 22 by 
arranging the light flux shape conversion diffuser 16B. 
In this case, the area efficiency is approximately 60% 
in case of FIG. 21, but it is increased to 
approximately 80% in case of FIG. 22. 

It is to be noted that the light flux shape 
conversion diffuser 16B as the light flux shape 
conversion element includes radiation distribution 
characteristics which vary depending on the horizontal 
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array for light modulation is known from the trademark 
of DMD (digital micro mirror device) , and it is 
disclosed in, e.g., Jpn. Pat. Appln. KOKAI Publication 
No. 11-32278 or USP 6,129,437, thereby eliminating its 
detailed explanation . 

FIG. 24 is a view showing a structure of an image 
projection apparatus using the illumination apparatus 
according to the eighth embodiment when such oblique 
illumination is required. That is, an eccentric mirror 
11A is used as a pupil formation member in place of the 
illumination lens 11, a light path is folded by the 
eccentric mirror 11A, and a DMD 12A as the light 
modulation element 12 is illuminated, thereby achieving 
a compact structure. In this case, there are exercised 
some ingenuities, e.g., arrangement of the eccentric 
mirror 11A in such a manner that an ON light ray and 
an OFF light ray of the DMD do not overlap, and 
an anamorphic structure is adopted so as to eliminate 
an eccentric aberration. 

[Ninth Embodiment] 

Some variations realized when the rod is used will 
now be described as a ninth embodiment according to the 
present invention. FIG. 25 shows an illumination 
apparatus in which triangular prisms 18 having 
reflection-coated inclined planes in order to bend the 
optical axis are arranged on outgoing radiation end 
surfaces of the taper rods 13 and the light paths are 



folded by a prism 11B which functions as the 
illumination lens 11 and is constituted by free-form 
surfaces, thereby illuminating a thin transmission type 
LCD 12B as the light modulation element. In this case, 
each rod outgoing radiation end surface is not provided 
separately from the triangular prism 18, but the taper 
rod 13 may be processed so as to have an inclined 
outgoing radiation end surface, or it may have a lens 
shape in view of the optical system on a rear stage. 

Furthermore, FIG. 26 shows an example of an 
illumination apparatus using a free-form surface prism 
11C which is likewise constituted by free-form surfaces 
as the pupil formation member. In this case, a compact 
structure can be achieved in accordance with a layout 
restriction condition by folding the light paths many 
times . 

FIG. 27 is a view showing a structure of an image 
projection apparatus using a reflection type LCD 12 as 
the light modulation element 12. In this case, the 
illumination apparatus irradiates the reflection type 
LCD 12C with the illumination light by arranging a PS 
converter 19 on a rear stage of the taper rods 13 and 
further arranging a polarized beam splitter (which will 
be abbreviated as a PBS hereinafter) 20 between the 
illumination lens 11 and the reflection type LCD 12C. 
Moreover, the illumination lens 11 used to form an 
optical pupil by using a light flux NA-converted by the 
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of the LED 1 are that the light quantity becomes 
maximum in the vertical direction which is the general 
radiation distribution characteristics, the light 
quantity to be collected to the rod reaches a peak at 
5 a position where the LED 1 is placed on the central 

normal line on the rod end surface, and it is reduced 
as the LED 1 deviates from the central position on the 
rod end surface. Therefore, this fluctuation with time 
is considerable, and this method is unsuitable when 
10 illuminating the light modulation element 12 which 

expresses the gradation by performing timesharing like 
the DMD . 

Thus, in the illumination apparatus according to 
the 10th embodiment, two LEDs 1 are constantly turned 

15 on when moving the LED 1 in this manner. FIGS. 2 8A to 

28D show the light collecting state from the incident 
end surface of the taper rod 13 in the order of 
FIG. 28A, FIG. 28B, FIG. 28C and FIG. 28D with time. 
Here, the drawings show the state that the blackened 

20 LED 1 emits the light, but it is desirable to switch 

the light emitting LED 1 with a timing of a state 
transition from FIG. 28A to FIG. 28B. In this case, 
since the light corresponding to approximately one and 
half LEDs 1 is constantly collected to the taper rod 

25 13, the light quantity does not fluctuate much with 

time. Thus, an incident end surface diameter which is 
twofold of an LED pitch is required with respect to 



a direction of movement of the LED 1 or the taper 
rod 13. Therefore, there is used an elliptic or 
rectangular taper rod 13 having a diameter which is 
equivalent to, e.g., the LED pitch in a direction 
vertical to the drawing and is twofold of the LED pitch 
in the direction of the drawing as the movement 
direction. 

Furthermore, since the light quantity of the taper 
rod with a long incident end surface in the movement 
direction does not fluctuate much with time as 
described above, when such a taper rod 13D having the 
same incident end surface and outgoing radiation end 
surface aspects as shown in FIG. 11 is used, 
determining the specification of the apparatus by 
utilizing a fact that the direction with the larger 
incident NA has the larger outgoing radiation NA as it 
stands can realize the illumination apparatus with the 
good productivity of the taper rod and less fluctuation 
with time. Moreover, in the example of the taper rod 
13D shown in FIG. 11, the configuration that the long 
side of the light modulation element 12 is positioned 
in the same direction as the Y direction of the rod 
enables illumination with the good area efficiency. 

[11th Embodiment] 

An 11th embodiment according to the present 
invention will now be described. FIG. 29A is a view 
showing a structure of an illumination apparatus 
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according to the 11th embodiment, the brightness is 
improved by sequentially performing pulse lighting of 
the LEDs 1. That is, in the illumination apparatus 
according to this embodiment, the LEDs 1 are arranged 
5 in the circumferential form so as to face the center, 

two angular light leading rod members 23 each of which 
is constituted by an L-shaped optical plane used to 
perform NA conversion as a columnar light leading 
member are rotated, and the LED 1 placed at a 

10 corresponding position is sequentially caused to emit 

the light with swiveling of the light leading rod 
members 23. In this case, as described in connection 
with the 10th embodiment, although it is preferable to 
cause each two LEDs 1 to emit the light relative to the 

15 respective light leading members 23, only one LED 1 may 

be caused to emit the light. 

Additionally, the optical system has a Koehler 
illumination structure, and a light flux conversion 
element arranged on the outgoing radiation end surfaces 

20 of the light leading rod members 23, e.g., a light flux 

shape conversion diffuser 16B is used to convert a 
shape of a pupil formed by the illumination lens 11 
into a shape close to an outer shape of the light 
modulation element 12. At this time, as shown in 

25 FIG. 29B, even if the outgoing radiation end surface 

23a itself of the light leading rod member 23 has a 
rectangular shape, the light flux shape of the outgoing 



radiation end surface 23a is a circular shape with 
a trajectory of corner portions being determined as 
a circumference by rotation. Assuming that the 
outgoing radiation end surface 23a is a virtual light 
source and critical illumination which sets a conjugate 
relationship with the light modulation element 12 as an 
irradiation object is performed, the light quantity at 
the peripheral portion of the outgoing radiation end 
surface 23a as a physical plane fluctuates with time, 
which results in temporal illumination irregularities. 
On the other hand, in Koehler illumination, since the 
angle distribution of the outgoing light does not vary 
even if the light leading rod members 23 rotate, 
fluctuations in illumination intensity irregularities 
with time do not occur. 

FIG. 30 is a view showing the structure of the 
illumination apparatus according to the 11th embodiment 
depicted in FIG. 29A in further detail. That is, each 
angular light leading rod member 23 constituted by 
an L-shaped optical plane attached to a rod holder 24 
as a holder capable of swiveling is rotated by 
a motor 25 as a drive member, and a plurality of LEDs 1 
arranged on the inner circumference of an LED substrate 
26 formed into a drum shape are sequentially turned on 
with rotation of the light leading rod members 23. It 
is to be noted that each light leading rod member 23 
has an angular shape because the efficiency is high due 
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to a rectangular shape of the LED 1 and the loss 
generated when bending into the L shape can be 
minimized. Further, this L-shaped light leading rod 
member 23 may be manufactured by integral molding, or 
5 it may be formed by bonding three members, i.e., an 

angular parallel rod 23A, a reflection prism 23B having 
reflection-coated light path bending inclined planes 
and the taper rod 2 3C. 

Furthermore, the outgoing radiation end surface of 

10 each light leading rod member 23 is used as a virtual 

light source, and the illumination lens 11 is used to 
configure a Koehler illumination optical system which 
forms an optical pupil on a display device as the light 
modulation element 12. Moreover, in order to improve 

15 the area efficiency, the light flux shape conversion 

diffuser 16B is arranged on the rear stage of the 
outgoing radiation end surfaces of the light leading 
rod members 23. Additionally, a part of the outgoing 
light is led to a light quantity monitor 28 where the 

20 light is monitored by using a light leading plate 27 

arranged in the vicinity of the outgoing radiation ends 
of the light leading rod members 23, a drive current of 
the LED 1 is feedback-controlled by an LED drive 
circuit 29 as a lighting portion in such a manner that 

25 the light quantity becomes optimum in accordance with 

an increase or a decrease in the monitored outgoing 
light. Further, a light emission timing of the LED 1 



obtained by the LED drive circuit 29 is controlled by a 
light emission timing control circuit 31 as a light 
selection control portion based on a rotation position 
detection of the rod holder 24 by a rotation sensor 30. 

It is to be noted that the motor 25 is driven by a 
motor drive circuit 32. Furthermore, a heat slinger 33 
is provided at the outer periphery of the drum-shaped 
LED substrate 26, change in characteristics of the LED 
1 due to heat is prevented by radiating heat generated 
by light emission of the LED 1, and stable illumination 
can be thereby obtained even if the illumination 
apparatus is continuously operated. 

As described above, a plurality of the LEDs 1 are 
sequentially switched and subjected to pulse light 
emission, a relative position relationship with the 
light leading rod members 23 which collect the emitted 
light is selected and shifted in accordance with light 
emission switching of the LEDs 1, thereby effectively 
obtaining the LEDs with the high brightness and 
acquiring the light with a high intensity and 
an improved parallelism from the light leading rod 
members 23. 

Incidentally, in this structure, a relative 
position between the LEDs 1 and the light leading rod 
members 23 is shifted by rotating the light leading rod 
members 23, but it can be also realized by moving 
the LEDs 1. However, in view of power feeding to 
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the specific details, and representative devices shown 
and described herein. Accordingly, various 
modifications may be made without departing from the 
spirit or scope of the general inventive concept as 
defined by the appended claims and their equivalents. 



